Introduction {#j_jomb-2018-0029_s_001}
============

Immunological alterations may provide to the reduction in capacity and endurance levels in elite athletes. This phenomenon is associated with decreased immune function resulting in e.g. increased susceptibility to infections. It is well known that physical training requires an optimal balance between training load (intensity and volume) and recovery to improve athlete's capacity.

During the exercise inflammatory environment arises stimulating B and T lymphocytes to proliferate and differentiate respectively to the local demand. The inflammatory state may often result in Delayed Onset Muscle Soreness (DOMS) described as pain, tenderness and stiffness of muscles with the peak of symptoms between 24 and 72 hours after the exercise ([@j_jomb-2018-0029_ref_001], [@j_jomb-2018-0029_ref_002]). When the inflammatory agents, as well as those cells are eliminated, memory cells remain and proliferate to ensure rapid immune response in similar circumstances in the future ([@j_jomb-2018-0029_ref_003]). Those memory cell populations may live for years helping to eliminate inflammatory environment and being one of the ways of adaptation to intense physical effort. Literature data point out the risk of upper respiratory system infection after exhaustive exercise ([@j_jomb-2018-0029_ref_004], [@j_jomb-2018-0029_ref_005]). Viral infections, for example, may lead to the state being a combination of lethargy, easy fatigability, myalgia. It is highly unfavourable in athletes and, worse, it may persist for even several months in some cases ([@j_jomb-2018-0029_ref_004], [@j_jomb-2018-0029_ref_005], [@j_jomb-2018-0029_ref_006]).

Such lymphocytes as natural killers (NKs), Tc (CD8^+^) and T cells are characterized by higher cytotoxicity and stress responsivity in comparison to Th (CD4^+^) or B lymphocytes. β2-adrenergic receptors and several adhesion and/or activation molecules are also more frequent in case of the first cell subsets. The presence of β2-adrenergic receptors explains the ability of binding adrenaline or noradrenaline, known stress molecules, by cytotoxic cells. After that those cells may infiltrate to the tissues under the stress. It is hypothesized that this preferential mobilization of lymphocyte with cytotoxic properties is realised to ensure immunosurveillance in stress-exposed tissues ([@j_jomb-2018-0029_ref_007], [@j_jomb-2018-0029_ref_008], [@j_jomb-2018-0029_ref_009], [@j_jomb-2018-0029_ref_010]).

On the other hand, chronic high-intensity exercise could stimulate T cells leading to immunosuppression ([@j_jomb-2018-0029_ref_005], [@j_jomb-2018-0029_ref_006], [@j_jomb-2018-0029_ref_007], [@j_jomb-2018-0029_ref_008], [@j_jomb-2018-0029_ref_009], [@j_jomb-2018-0029_ref_010], [@j_jomb-2018-0029_ref_011]). The most interesting subset of cells involved in post-effort immunological response is the CD4^+^ T cell pool. This seems to be related to the pleiotropic role of CD4^+^ cells in the induction and regulation of immune response, mainly by the synthesis and release of numerous cyto- and chemokines. These molecules act in two ways: cytokines activate adjacent cells for specific functions and chemokines recruit new immune cells ([@j_jomb-2018-0029_ref_003]). According to their receptors, proliferative capacity and effector function, CD4^+^ memory T cells have been divided into 2 populations: T central memory (T~CM~) and T effector memory (T~EM~) ones ([@j_jomb-2018-0029_ref_003]).

It is worth noting that, to our best knowledge, there is a lack of literature data describing the impact of intensive physical effort on the CD4^+^ memory T cell subsets, at least among soccer players. Some of the players asked for overall condition, especially after the soccer match, complained of DOMS symptoms, that suggested us ongoing/past inflammatory process. From this point of view, the aim of this study was to compare changes in selected CD45^+^ cell subsets, as well as inflammation markers after the progressive test on mechanical treadmill until exhaustion among soccer players at the beginning of the preparatory phase to spring and autumn competition round.

Centre for Human Structural and Functional Research, Faculty of Physical Education and Health Promotion, University of Szczecin, Szczecin, Poland was established to perform sport research in order to improve the routine training practice on scientific bases. We closely cooperate with a top league soccer club, namely Pogoń Szczecin S.A. From this point of view, recruiting soccer players for this experiment was a natural consequence of this cooperation.

Materials and Methods {#j_jomb-2018-0029_s_002}
=====================

Study design {#j_jomb-2018-0029_s_002_s_001}
------------

Soccer (also referred to as football) is one of the most popular team sport discipline, watched and played by billions of people all across the world ([@j_jomb-2018-0029_ref_012]). From this reason, the market size of the European professional soccer, being most prominent soccer market in the world, is still growing. For example, in the 2015/16 season, the total revenue of the European professional soccer market was estimated at 24.6 billion euros ([@j_jomb-2018-0029_ref_012]). Moreover, the most talented and popular soccer players' transfer fees reach millions of euros ([@j_jomb-2018-0029_ref_013]). Taking all these into account, there is surprisingly low data regarding analyses of biological and immunological parameters among soccer players. Therefore, we believe that the presented data would interest a number of sport physicians, physiologists and trainers, especially taking care of soccer players in professional soccer clubs.

The study was designed to better understand the influence of exhaustive effort on selected biological and immunological parameters as a comparison of two preparatory phases to competition rounds -- spring and autumn ones among highly qualified elite athletes, namely soccer players.

To accomplish this experiment, complete blood count, white blood cells distribution and CD4^+^ memory T cell subsets (T central memory (T~CM~) and T effector memory (T~EM~)) distributions before, immediately after the progressive test, as well as during recovery time (ca. 17 hours after the test) were determined. Cardiorespiratory fitness measures: maximum oxygen uptake (VO~2max~), maximum heart rate (HR~max~), maximum ventilation (V~E~), anaerobic threshold (AT), respiratory quotient (RQ; volume ratio of emitted CO~2~ to oxygen uptake), respiratory compensation (RC), maximal voluntary ventilation (MVV), metabolic equivalent (MET) and respiratory frequency (Rf) were also determined.

The restitution time (17 hours) was established as an average time between two consecutive training units or the soccer match and the following training unit.

The studies were duplicated and performed at the beginning of preparatory phase to spring and autumn competition rounds among soccer players in March and July 2016, respectively in the same part of the day ± 1 hour. The timing of the experiment was in line with club routine capacity tests performed. On the other hand, the players who train and play top league matches, cumulate the fatigue and the club trainers need to monitor the players to avoid the over-training syndrome. The studies were performed in the Biochemistry, as well as Physiology Laboratories, Centre for Human Structural and Functional Research, Faculty of Physical Education and Health Promotion, University of Szczecin, Szczecin, Poland.

Participants {#j_jomb-2018-0029_s_002_s_002}
------------

Fourteen participants median aged 19 years old (range 17--21 years) were recruited form Pogoń Szczecin S.A., a top league soccer club in Poland. All soccer players qualified to this study were playing in a midfielder, striker or defender position during the experiment time. They had no history of any metabolic syndrome (as defined by International Diabetes Federation: diabetes, prediabetes, abdominal obesity, high cholesterol and high blood pressure) ([@j_jomb-2018-0029_ref_014]) or cardiovascular diseases (defined by WHO as disorders of the heart and blood vessels) ([@j_jomb-2018-0029_ref_015]). Participants were non-smokers and refrained from taking any medications or supplements known to affect metabolism. They (and their parents, where appropriate) were fully informed of any risks and discomfort associated with the experimental procedures before giving their consent to participate. The study was approved by the Local Ethics Committee in accordance with the Helsinki Declaration.

However, two of the participants were not able to take a part in the experiment at the beginning of the preparatory phase to spring competition round.

Participants' body mass and body composition parameters (body mass index (BMI), basal metabolic rate (BMR), percentage of fat (FAT), fat free mass (FFM), total body water (TBW)), were determined using Body Composition Analyzer Tanita BC-418MA (Tanita, Tokyo, Japan).

The progressive test on mechanical treadmill {#j_jomb-2018-0029_s_002_s_003}
--------------------------------------------

The progressive efficiency test on mechanical treadmill until exhaustion is one of the test routinely applied in sport practice. The advantage of treadmill run over other tests until exhaustion is the possibility of using stationary breath by breath gas exchange data analyser to determine cardiorespiratory fitness measures as a function of increasing fatigue. The test started with 5 minutes of warm-up running with the speed of 5 km/h. During the proper test the speed increased by 2 km/h after each 3 minutes of the test until exhaustion, it is until each participant refused to run because of he's maximal fatigue. The heart rate measured at this point was noted as a HR~max~. The cardiorespiratory fitness measures: maximum oxygen uptake (VO~2max~), maximum heart rate (HR~max~), maximum ventilation (V~E~), anaerobic threshold (AT), respiratory quotient (RQ); respiratory compensation (RC); maximal voluntary ventilation (MVV), metabolic equivalent (MET) and respiratory frequency (Rf) were determined using state-of-the-art breath by breath gas exchange data analyser Quark CPET (Cosmed, Albano Laziale, Italy) ([@j_jomb-2018-0029_ref_016]). Additionally, every 3 minutes of the exercise, before increasing the workload (treadmill speed), finger capillary blood was taken for determination of lactate (LA) concentration in order to establish athlete's anaerobic threshold. The LA concentrations were determined using mobile blood lactate monitoring system (THE EDGE Lactate Analyser, Apex Biotechnology Corp., Hsinchu, Taiwan).

Blood sampling {#j_jomb-2018-0029_s_002_s_004}
--------------

Blood samples were obtained tree times from the elbow vein: before the testing (pre-exercise), no longer than 5 minutes after the test (post-exercise) and ca. 17 hours after the test, at the end of recovery time (recovery). Each time, blood samples were taken into 7.5 mL S-Monovette tube with ethylenediaminetetraacetic acid (EDTA K~3~, 1.6 mg EDTA/mL blood) (SARSTEDT AG & Co., Nümbrecht, Germany). All analyses were performed immediately after the blood collection.

Importantly, for safety of the participants, the test protocol requires them to be after a light breakfast. Therefore, the blood samples collected after the test, with the exception for recovery time, were not fasting blood.

Haematological and biochemical analysis {#j_jomb-2018-0029_s_002_s_005}
---------------------------------------

Complete blood count, including number of white blood cells (WBC) and lymphocytes (LYM) was obtained using haematology analyser ABX Micros 60 (Horiba ABX, Warsaw, Poland).

Biochemical analyses were conducted with the use of an Auto Chemistry Analyser BM-100 (BioMaxima S.A., Lublin, Poland). Blood serum was used to determine total protein and creatine kinase (CK; EC 2.7.3.2) activity. The values of analysed variables were determined using a diagnostic method according to appropriate manufacturer's protocol (BioMaxima S.A., Lublin, Poland). All analytical procedures were verified using multiparameteric control serum, as well as control serum of normal level (BioNorm) and high level (BioPath) (BioMaxima S.A., Lublin, Poland).

Flow cytometric analyses {#j_jomb-2018-0029_s_002_s_006}
------------------------

All flow cytometric analyses were performed using BD Accuri™ C6 flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and their results of were calculated using BD Accuri™ C6 software (ver. 1.0.264.21).

Lymphocyte subsets phenotyping in erythrocytelysed blood samples was performed using BD Multitest™ IMK kit (BD Biosciences, San Jose, CA, USA) according to the manufacturer's protocol. Briefly, two antibody cocktails (designated in our laboratory as »A« and »B«, respectively) to determine the percentages of T lymphocyte subsets (»A«) as well as lymphocyte B and NK cells (»B«) in erythrocyte-lysed blood samples were used. Cocktail »A« contained antibodies including fluorescein isothiocyanate (FITC)-labelled CD3, clone SK7; phycoerythrin (PE)-labelled CD8, clone SK1; peridinin chlorophyll protein (PerCP)-labelled CD45, clone 2D1 (HLe-1) and allophycocyanin (APC)-labelled CD4, clone SK3, whereas cocktail »B« contained FITC-labelled CD3, clone SK7; PE-labelled CD16, clone B73.1 and PE-labelled CD56, clone NCAM 16.2; PerCP-labelled CD45, clone 2D1 (HLe-1); and APC-labelled CD19, clone SJ25C1. For each sample, the fluorescence signal of at least 10^4^ of total events was measured.

The analysis of CD4^+^ memory T cell subsets was performed using Human Naïve/Memory T Cell Panel (BD Pharmingen™, San Jose, CA, USA) according to manufacturer protocol. A cocktail of antibodies containing Alexa Fluor® 647-labelled Mouse Anti-Human CD197 (CCR7), clone 150503; PerCP-Cy™ 5.5-labelled Mouse Anti-Human CD4, clone SK3 and FITC-labelled Mouse Anti-Human CD45RA, clone HI100 was prepared prior to use. For each sample, the fluorescence signal of at least 2× 10^4^ of total events was measured. Quadrants for the dot plots to determine percentages of each CD4^+^ memory T cell subsets were derived using appropriate fluorescence-minus-one (FMO) controls.

The measurement of selected cytokines, namely interleukin-8 (IL-8), interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10), tumour necrosis factor-alpha (TNF-α), and interleukin-12p70 (IL-12p70) protein levels was performed using BD Cytometric Bead Array (CBA) Human Inflammatory Cytokines Kit (BD Biosciences, San Jose, CA, USA) according to manufacturer protocol. For each sample, the fluorescence signal of 2100 events gated for capture beads population was measured. Results were calculated using FCAP Array™ Software (ver. 3.0.1; Soft Flow Hungary Ltd., Pecs, Hungary). Minimum quantifiable levels (guaranteed by the manufacturer) of cytokines that can be detected using Cytometric Bead Array are similar to the ELISA method and are equal to 3.6 pg/mL for IL-8, 7.2 pg/mL for IL-1b, 2.5 pg/mL for IL-6, 3.3 pg/mL for IL-10, 3.7 pg/mL for TNF-α, 1.9 pg/mL for IL-12p70, respectively.

Statistical analysis {#j_jomb-2018-0029_s_002_s_007}
--------------------

All data are presented as median (interquartile range), except for the age that is presented as median (min-max). Statistical analysis was performed using STATISTICA (data analysis software system), version 12 software (StatSoft, Inc., 2014). Significance level of differences observed between spring and autumn experiment was calculated using Wilcoxon's matched-pairs test. Significance level of differences observed between analysed time points (pre-exercise vs. post-exercise vs. recovery) was assessed using Friedman's analysis of variance followed by post-hoc Dunn's test with Bonferroni correction. The relationship between changes in cytokine levels and CD45^+^ cells' distribution was calculated with the use of Spearman correlation coefficient analysis. Each time, *P* \< 0.05 was considered as a significant difference.

Results {#j_jomb-2018-0029_s_003}
=======

The soccer players qualified to this study were a homogenous group with similar length of training experience as well as weekly training volume. Baseline characteristic of the participants were demonstrated in *[Table I](#j_jomb-2018-0029_tab_001){ref-type="table"}*.

###### 

A baseline characteristic of the participants.

                                            The beginning of preparatory phase to spring competition round   The beginning of preparatory phase to autumn competition round
  ----------------------------------------- ---------------------------------------------------------------- ----------------------------------------------------------------
                                            *n* = 12                                                         *n* = 14
  Age \[years\]                             19 (17 -- 21)                                                    18 (17 -- 21)
  Height \[cm\]                             181 (172 -- 187)                                                 179 (172 -- 184)
  Weight \[kg\]                             72.4 (63.3 -- 81.3)                                              69.7 (63.3 -- 73.1)
  BMI \[kg/m^2^\]                           22.6 (21.6 -- 23.8)                                              21.5 (20.8 -- 23.0)
  BMR \[kJ\]                                8686 (7242 -- 8782)                                              7880 (7314 -- 8297)
  FAT \[%\]                                 10.6 (6.4 -- 13.1)                                               9.0 (7.1 -- 10.6)
  FAT MASS \[kg\]                           7.90 (4.10 -- 10.15)                                             6.3 (4.1 -- 7.9)
  FFM \[kg\]                                66.2 (57.4 -- 70.6)                                              63.5 (58.6 -- 67.1)
  TBW \[kg\]                                48.5 (42.1 -- 51.7)                                              46.5 (42.9 -- 49.1)
  length of training experience \[years\]   12 (11 -- 12)                                                    11.5 (11 -- 12)
  weekly training volume \[hours\]          10 (9 -- 12)                                                     10.5 (10 -- 12)

The table presents median (Q1-Q3) values (except for the age, where median (min-max) is presented) characterising the participants. Body mass and body composition were determined using Body Composition Analyzer Tanita BC-418MA (Tanita, Tokyo, Japan). *n* -- number of participants, BMI -- body mass index, BMR -- basal metabolic rate, FAT -- percentage of fat, FFM -- fat free mass, TBW -- total body water.

The cardiorespiratory values found at the beginning of preparatory phase to spring and autumn round, respectively were similar to each other (*[Table II](#j_jomb-2018-0029_tab_002){ref-type="table"}*). There were no significant changes in VO~2max~, HR~max~, AT, RC, MVV and MET values found in both experiments. Those results confirm the similarity of maximal effort in case of both studied time points.

###### 

The cardiorespiratory fitness measures of participants during the progressive test until exhaustion.

                           The beginning of preparatory phase to spring competition round   The beginning of preparatory phase to autumn competition round
  ------------------------ ---------------------------------------------------------------- ----------------------------------------------------------------
                           *n* = 12                                                         *n* = 14
  VO~2max~ \[mL/kg/min\]   59.05 (56.55 -- 62.03)                                           60.80 (58.40 -- 64.40)
  HR~max~ \[beats/min\]    193 (188 -- 201)                                                 204 (190 -- 210)
  AT \[beats/min\]         163 (156 -- 169)                                                 166 (161 -- 181)
  RQ                       1.03 (1.02 -- 1.06)                                              1.08 (1.07 -- 1.09)\*
  RC                       176 (169 -- 183)                                                 187 (173 -- 193)
  V~E~ \[L/min\]           108.5 (99.1 -- 127.3)                                            150.4 (122.2 -- 160.9)\*
  MVV \[L/min\]            189.5 (176.2 -- 194.4)                                           188.2 (172.5 -- 201.1)
  MET \[mL/kg/min\]        16.5 (16.1 -- 16.9)                                              17.3 (16.7 -- 18.4)
  Rf                       49.7 (42.4 -- 52.4)                                              61.5 (56.1 -- 67.5)\*

The table presents median (Q1-Q3) values. The analyses were performed using state-of-the-art breath by breath gas exchange data analyser Quark CPET (Cosmed, Albano Laziale, Italy).

*n* -- number of participants, VO~2max~ -- maximum oxygen uptake; HRmax -- maximum heart rate; AT -- anaerobic threshold; RQ -- respiratory quotient (volume ratio of emitted CO~2~ to oxygen uptake); RC -- respiratory compensation; V~E~ -- minute ventilation; MVV -- maximal voluntary ventilation; MET -- metabolic equivalent; Rf -- respiratory frequency. Significance level of differences observed between spring and autumn experiment was calculated using Wilcoxon's matched-pairs test. \*P \< 0.05.

There were significant changes in total white blood cells and number of lymphocytes in both experiments, yet the most probable explanation is the after-exercise dehydration of the participants, as confirmed by similar changes in serum total protein concentration (*[Table III](#j_jomb-2018-0029_tab_003){ref-type="table"}*).

###### 

Selected haematological and biochemical parameters of participants during the progressive test until exhaustion.

                          The beginning of preparatory phase to spring competition round   The beginning of preparatory phase to autumn competition round                                                                                                               
  ----------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- --------------------------------- --------------------------------- --------------------------------------- -----------------------------------
  WBC \[109/L\]           5.5 ^a)^\*\*\* (5.1 -- 6.0)                                      7.8 ^b)^\* (6.2 -- 10.0)                                         6.2 (5.6 -- 6.8)                  6.4 ^a)^\*\* (5.8 -- 7.0)         9.0 ^b)^\*\*\*\* (7.7 -- 11.3)          5.8 (5.1 -- 6.1)
  LYM \[109/L\]           1.6 ^a)^\* (1.1 -- 1.9)                                          2.7 (1.9 -- 3.4)                                                 1.6 (1.4 -- 2.1)                  1.9 ^a)^\*\* (1.8 -- 2.2)         3.3 ^b)^\*\*\* (2.9 -- 4.0)             1.8 (1.7 -- 2.1)
  Total protein \[g/L\]   69.43 ^a)^\*\*\* (67.64 -- 71.92)                                71.06 ^b)^\* (67.73 -- 76.16)                                    67.29 (64.42 -- 69.13)            71.69 ^a)^\*\* (69.34 -- 72.29)   75.26 ^b)^\*\*\*\*\* (73.70 -- 75.78)   69.30 (67.50 -- 71.01)
  CK \[U/L\]              262.0 ^a)^\* (239.1 -- 440.7)                                    354.1 (285.2 -- 504.7)                                           484.2 ^c)^\*\* (368.6 -- 564.5)   185.7 ^a)^\*\* (116.0 -- 248.1)   226.4 (139.1 -- 370.3)                  322.1 ^c)^\*\*\* (276.4 -- 411.2)

The table presents median (interquartile range) values. The analyses were performed using haematology analyser ABX Micros 60 (Horiba ABX, Warsaw, Poland) or Auto Chemistry Analyser BM-100 (BioMaxima S.A., Lublin, Poland), respectively.

Significance level of differences observed between analysed time points (pre-exercise vs. post-exercise vs. recovery) was assessed using Friedman's analysis of variance followed by post-hoc Dunn's test with Bonferroni correction.

WBC, number of white blood cells; LYM, number of lymphocytes; CK, creatine kinase activity.

The results of post-hoc analyses: a) pre-exercise vs. post-exercise, b) post-exercise vs. recovery, c) pre-exercise vs. recovery \* P \< 0.05; \*\* P \< 0.01; \*\*\* P \< 0.001; \*\*\*\* P \< 0.0001; \*\*\*\*\* P \< 0.00001 *n* -- number of participants.

Significant increases in creatine kinase (CK; EC 2.7.3.2) activities after the exercise but also in recovery were observed at the beginning of preparatory phase to spring and autumn competition round (*[Table III](#j_jomb-2018-0029_tab_003){ref-type="table"}*).

A significant increase in total CD45^+^ cell percentage after maximal effort was observed in peripheral blood of studied participants at the beginning of preparatory phase to spring (*P* \< 0.05) as well as autumn (*P* \< 0.01) competition round (*[Figure 1A](#j_jomb-2018-0029_fig_001){ref-type="fig"}*). The decrease of these cells in recovery time (as compared to post-exercise values) was significant only in autumn (*P* \< 0.00001). Also, significant (*P* \< 0.05) decrease in percentage of T (CD3^+^) cells after the exercise test was observed in both analysed time points (spring and autumn) (*[Figure 1B](#j_jomb-2018-0029_fig_001){ref-type="fig"}*). The values found in recovery time were significantly higher than their post-effort counterparts (*P* \< 0.0001 and *P* \< 0.00001 for spring and autumn, respectively). Changes observed in Th (CD3^+^CD4^+^) cells' distribution involved the post-exercise decrease (significant only in autumn experiment; *P* \< 0.05) and then increase in recovery time (*[Figure 1C](#j_jomb-2018-0029_fig_001){ref-type="fig"}*). Surprisingly, no significant changes in Tc (CD3^+^CD8^+^) cells' distribution (except for decrease in those cell subset in recovery time as compared to post-exercise in autumn) during the experiment were found (*[Figure 1D](#j_jomb-2018-0029_fig_001){ref-type="fig"}*). It explains the changes in CD4/CD8 ratio observed after the exercise (1.6 and 1.5 for spring and autumn experiment, respectively) in comparison to baseline values (1.7 for both time points). It seems that the changes in CD45^+^ cells' distribution predominantly manifest the alterations in NK (CD16^+^ and/or CD56^+^) cells (*[Figure 1E](#j_jomb-2018-0029_fig_001){ref-type="fig"}*), since the pattern of changes was very similar in both cell subsets. The median values of NK cells' percentage just after the exercise were ca. 1.7-fold and 1.5-fold higher than before the test (for the beginning of preparatory phase to spring and autumn competition round, respectively) and were decreasing in the recovery time (*[Figure 1E](#j_jomb-2018-0029_fig_001){ref-type="fig"}*). No significant changes in CD19^+^ cells (B lymphocytes) were observed in case of all studied time points (*[Figure 1F](#j_jomb-2018-0029_fig_001){ref-type="fig"}*).

![Median of the percentage of white blood cells population: A) lymphocyte (CD45^+^) subsets, including: B) T cells (CD3^+^), C) helper/inducer T cells (Th; CD3^+^CD4^+^), D) suppressor/cytotoxic T cells (Tc; CD3^+^CD8^+^), E) natural killer cells (NK; CD3--CD16^+^ and/or CD56^+^) and F) B cells (CD19^+^) of studied participants' blood samples during the experiment at the beginning of preparatory phase to spring and autumn competition round, respectively.\
Blood immunophenotyping protocol was performed using commercial antibodies assay kit (BD Multitest IMK Kit) according to the manufacturer instructions and analysed using BD Accuri™ C6 flow cytometer.\
The midpoint represents median; box represents interquartile range; whiskers represent min-max range. Significance level of differences observed between spring and autumn experiment was calculated using Wilcoxon's matched-pairs test. Significance level of differences observed between analysed time points (pre-exercise vs. post-exercise vs. recovery) was assessed using Friedman's analysis of variance followed by post-hoc Dunn's test with Bonferroni correction.](jomb-38-256-g001){#j_jomb-2018-0029_fig_001}

Our study demonstrated that significant fluctuations in T cells' distribution were related not only to the changes in Th or Tc subsets but also to significant increasing in T naïve cell (CD4^+^CD45RA^+^CD197^+^) percentage during the recovery time (*[Figure 2A](#j_jomb-2018-0029_fig_002){ref-type="fig"}*). Interestingly, the percentage of T naïve cells just after the exercise test, as well as in recovery time were higher in the first experiment, namely at the preparatory phase to spring competition round than the second one (conducted at the preparatory phase to the autumn competition round). Moreover, the T memory cells' distribution ratios (T~CM~ to T~EM~ values for pre-exercise, post-exercise and recovery, respectively) found during preparatory phase to spring round were ca. 2-fold higher than during preparatory phase to autumn round (*[Figure 2B, 2C](#j_jomb-2018-0029_fig_002){ref-type="fig"}*). This observation may be a valuable premise that the decrease in T~CM~/T~EM~ ratio may be a hallmark of athletes' immune system adaptation to the exercise.

![Median of the percentage of CD4^+^ memory T cell subsets: A) T Naïve cells (CD45RA^+^CD197^+^), B) T effector memory cells (T~EM~; CD45RA^-^CD197^-^) and C) T central memory cells (T~CM~; CD45RA^-^CD197^+^) of studied participants' blood samples during the experiment at the beginning of preparatory phase to spring and autumn competition round, respectively. CD4^+^ memory T cell subsets analysis protocol was performed using commercial antibodies assay kit (Human Naïve/Memory T Cell Panel) according to the manufacturer instructions and analysed using BD Accuri™ C6 flow cytometer. The midpoint represents median; box represents inter quartile range; whiskers represent min-max range. Significance level of differences observed between spring and autumn experiment was calculated using Wilcoxon's matched-pairs test. Significance level of differences observed between analysed time points (pre-exercise vs. post-exercise vs. recovery) was assessed using Friedman's analysis of variance followed by post-hoc Dunn's test with Bonferroni correction.](jomb-38-256-g002){#j_jomb-2018-0029_fig_002}

To better understand the mechanism of immunological response to the maximal effort, plasma levels of selected human cytokines were determined (*[Table IV](#j_jomb-2018-0029_tab_004){ref-type="table"}*), yet the IL-1 plasma levels were below method's detection limit in all analysed time points. A significant increase in TNF-α and IL-8 plasma level just after the exercise (post-exercise) test was found at the beginning of the preparatory phase to both spring and autumn competition rounds. TNF-α levels were ca. 1.6-fold higher than baseline values (pre-exercise) and IL-8 levels were nearly 2-fold higher than the pre-exercise values. Moreover, a significant increase in IL-6 and IL-10 plasma levels in recovery time (recovery) as compared to pre-exercise as well as post-exercise values, was also found. The IL-6 and IL-10 levels observed in recovery time were almost twice as high as the pre-exercise and post-exercise ones in case of both experiments (preparatory phase to spring and autumn round). On the other hand, functional form of IL-12, namely IL-12p70 post-exercise and recovery plasma concentration was lower than its pre-exercise value in both analysed preparatory phases. Correlation analysis revealed strong correlation between IL-12p70 and CD4^+^ T naïve (R = -0.70, *P* = 0.0114) and both memory cell subsets (R = 0.68, *P* = 0.0158 and R = 0.60, *P* = 0.0386 for T~CM~ and T~EM~ cells, respectively) but only post-exercise in spring experiment. There were also correlations between IL-6 and CD4^+^ T~CM~ (R = 0.73, *P* = 0.0068) and CD4^+^ T~EM~ (R = 0.61, *P* = 0.0358) cells as well as between IL-8 and NK cells (R = 0.68, *P* = 0.0153) in this time-point of the experiment. At the beginning of the preparatory phase to autumn competition round, only the correlations between IL-12p70 and T lymphocytes (R = 0.61, *P* = 0.0195) as well as TNF and NK cells (R = 0.58, *P* = 0.0284) post-exercise were observed.

###### 

The plasma cytokine profile of participants during the progressive test until exhaustion.

                       The beginning of preparatory phase to spring competition round   The beginning of preparatory phase to autumn competition round                                                                                                              
  -------------------- ---------------------------------------------------------------- ---------------------------------------------------------------- --------------------------------- ---------------------------------- ------------------------------------- -----------------------------------
  TNF-α \[pg/mL\]      1.79 ^a)^\*\* (1.39 -- 2.20)                                     2.98 (2.60 -- 3.33)                                              2.72 ^c)^\* (2.22 -- 3.06)        1.90 ^a)^\* (1.68 -- 2.05)         2.94 ^b)^\*\*\*\* (2.68 -- 3.08)      1.53 (1.34 -- 1.57)
  IL-8 \[pg/mL\]       14.47 ^a)^\* (13.47 -- 15.53)                                    26.02 ^b)^\*\*\* (23.47 -- 28.14)                                12.62 (11.49 -- 13.54)            13.62 ^a)^\*\* (13.15 -- 14.60     25.28 ^b)^\*\*\*\* (23.76 -- 26.38)   12.34 (11.97 -- 13.16)
  IL-6 \[pg/mL\]       12.26 (11.68 -- 13.68)                                           12.30 ^b)^\* (11.75 -- 13.19)                                    20.22 ^c)^\*\* (20.00 -- 21.56)   11.91 (11.1 -- 11.79               11.37 ^b)^\*\*\* (11.03 -- 11.76)     22.19 ^c)^\*\*\* (21.64 -- 22.64)
                       2.84 (2.78 -- 3.30)                                              2.99 ^b)^\*\* (2.26 -- 3.06)                                     5.57 ^c)^\*\* (5.29 -- 6.09)      0.83 (1.78 -- 0.57)                1.02 ^b)^\*\* (0.77 -- 1.25)          2.15 ^c)^\*\*\* (1.99 -- 2.28)
  IL-12p70 \[pg/mL\]   2.12 (1.98 -- 2.20)                                              1.66 (1.20 -- 2.06)                                              1.09 ^c)^\*\* (0.98 -- 1.21)      2.00 ^a)^\*\*\*\* (1.88 -- 2.21)   0.54 ^b)^\* (0.51 -- 0.78)            1.10 ^c)^\* (0.97 -- 1.28)

The table presents median (Q1-Q3) values.

The analyses were performed using BD Cytometric Bead Array (CBA) Human Inflammatory Cytokines Kit and BD Accuri™ C6 flow cytometer.

Significance level of differences observed between analysed time points (pre-exercise vs. post-exercise vs. recovery) was assessed using Friedman's two-way analysis of variance followed by post-hoc Dunn's test with Bonferroni correction.

The results of post-hoc analyses:

a\) pre-exercise vs. post-exercise

b\) post-exercise vs. recovery

c\) pre-exercise vs. recovery

\* P \< 0.05; \*\* P \< 0.01; \*\*\*P \< 0.001; \*\*\*\* P \< 0.0001

n -- number of participants.

Discussion {#j_jomb-2018-0029_s_004}
==========

Although, the idea of immune modulation in response to exercise is not novel, there is still a lack of data confirming the mechanisms of these changes. This is particularly true concerning the adaptive area of immune system and immunosuppression effect of high-intensity exercise alone, as well as combined with long-term effort. Our previous research showed that high-intensity exercise of specialised (trained) movement did not cause an inflammation among highly qualified athletes (data submitted for publication). Significant changes in white blood cells' distribution during the competition round were also observed. On the other hand, it is well known that muscle damage is a consequence of intense exercise. Appearing soreness and swelling of the muscle tissue, as well as release of e.g. creatine kinase (CK; EC 2.7.3.2) out of the muscle cells are the hallmarks of ongoing inflammation ([@j_jomb-2018-0029_ref_017], [@j_jomb-2018-0029_ref_018], [@j_jomb-2018-0029_ref_019], [@j_jomb-2018-0029_ref_020]). Our data (increases in serum CK activities) confirm the inflammation state in analysed participants. One of the features of immune system aging are changes in T cell subpopulations, namely memory, effector-memory and senescent T cells ([@j_jomb-2018-0029_ref_021]).

Post-effort lymphocytopenia (decrease in blood lymphocyte count below the values found before the exercise) occurring usually 0.5-1 hour after the exercise is a known fact ([@j_jomb-2018-0029_ref_010], [@j_jomb-2018-0029_ref_022], [@j_jomb-2018-0029_ref_023], [@j_jomb-2018-0029_ref_024], [@j_jomb-2018-0029_ref_025], [@j_jomb-2018-0029_ref_026]). The decrease in lymphocytes depends on intensity of the exercise and after maximal effort the values may drop below clinically lower limits ([@j_jomb-2018-0029_ref_022]). Lymphocyte count typically reach their starting values up to 1 day after the effort. However, the mechanisms of this phenomenon are not fully understood ([@j_jomb-2018-0029_ref_009]). The post-exercise increase in total lymphocytes was observed in both experiments during our study. However, the same phenomenon was observed in regards of white blood cell count and serum total protein concentration indicating that it was due to the post-exercise dehydration.

The main aim of the present study was to compare changes in selected CD45^+^ cell subsets as well as inflammation markers. The novel finding of our study is that the run being a highly important part of soccer game and performed by soccer players on a mechanical treadmill caused a significant release of CD4^+^ T naïve cells to circulation. Moreover, the changes in CD3^+^ cells' distribution indicated a modulating effect of the progressive test used in our experiments. Navalta et al. found that three days of repeated intense interval exercise to exhaustion performed by sedentary subjects caused different changes, regarding apoptosis and migration in CD4^+^, CD8^+^, and CD19^+^ lymphocytes ([@j_jomb-2018-0029_ref_027]). They observed that CD4^+^ lymphocytes were the most unaffected cell subset, since the changes occurred only after the last day of exercise protocol ([@j_jomb-2018-0029_ref_027]), which is in opposite to our findings. However, our participants were athletes from a top league soccer club. From this point of view, the changes found in our study suggest that adaptive mechanism of immune system is related to regulatory effect of T cells, especially the CD4^+^ ones. Brown et al. ([@j_jomb-2018-0029_ref_028]) found that the redistribution of senescent CD4^+^ and CD8^+^ T lymphocytes was lower in the trained soccer players compared with untrained group after maximal exercise. There is data indicating that there were more naïve CD8^+^ and less senescent CD4^+^ and CD8^+^ T cells among resting athletes with high VO~2~max (maximal aerobic capacity) values in comparison to their counterparts with lower VO~2~max values ([@j_jomb-2018-0029_ref_021]). Simpson ([@j_jomb-2018-0029_ref_009]) suggested, that immune system in regular training subjects creates space for naïve T lymphocytes by mobilisation of senescent T cells. He explained this phenomenon by a feedback loop: the decrease in peripheral T lymphocytes is caused by apoptosis of senescent T cells; this gap is filled up by naïve T lymphocytes leaving thymus ([@j_jomb-2018-0029_ref_009]). It was assumed by Brown et al. ([@j_jomb-2018-0029_ref_028]) that such feedback loop should be more intense in regularly training participants. He also confirmed this assumption observing dull senescent T lymphocyte response and concomitant increase in naïve T cells among trained individuals compared to untrained counterparts ([@j_jomb-2018-0029_ref_028]). Our results also support this theory. We have observed that increasing time of training experience (the tests were performed during two consecutive preparatory phases) resulted in decreasing in the memory CD4^+^ T cells' distribution (T~CM~/T~EM~ ratio) which confirms the contribution of T cells in immune response as one of adaptation mechanisms to repeated training loads. Moreover, Bigley et al. ([@j_jomb-2018-0029_ref_029]) showed association between naïve CD8^+^ T cells and VO~2~max values indicating that aerobic fitness influence the proportions of these cells. They also prove that aerobic fitness have greater impact on affecting the T cell phenotypic alterations than aging ([@j_jomb-2018-0029_ref_029]).

The apparent change observed in NK cells' distribution after the exercise might result from cellular migration into damaged muscle tissue and induction of pro-inflammatory cytokines release, especially that the increased serum CK activities were observed. Similar data was provided by Bigley et al. ([@j_jomb-2018-0029_ref_029]) who observed a stepwise redistribution of NK cells during the exercise. According to them, the explanation of this phenomenon is a possible mechanism of immunosurveillance enhancing required throughout the after-exercise recovery ([@j_jomb-2018-0029_ref_029]).

To better understand the effect of maximal effort on organism's immune response including observed changes in studied CD45^+^ cells' distribution, plasma levels of selected human cytokines were determined. The panel used in our analyses included pro-inflammatory cytokines, namely IL-6, IL-12p70 ([@j_jomb-2018-0029_ref_003], [@j_jomb-2018-0029_ref_030], [@j_jomb-2018-0029_ref_031]), anti-inflammatory IL-10 ([@j_jomb-2018-0029_ref_031], [@j_jomb-2018-0029_ref_032]), multifunctional cytokines: tumour necrosis factor alpha (TNF-α) and interleukin 1β (IL-1β) ([@j_jomb-2018-0029_ref_003]), as well as a chemokine IL-8 ([@j_jomb-2018-0029_ref_032]). The all play a crucial role in activation of studied cells and also are related to haematopoiesis stimulation.

TNF-α and IL-1β are known to be involved in inflammation response to muscle damage ([@j_jomb-2018-0029_ref_030]). There were no detectable levels of IL-1β in plasma of high qualified soccer players in our experiment but significant increase in TNF-α concentration was observed during the study. It must be emphasised that the concentration of IL-6 found in our study was more than 5-fold higher that TNF-α level. There are literature data suggesting that IL-6 inhibits the production of TNF-α and IL-1 ([@j_jomb-2018-0029_ref_003], [@j_jomb-2018-0029_ref_030], [@j_jomb-2018-0029_ref_032]).

It is also known that IL-10 emerges in the circulation after the exercise. It participates in anti-inflammatory response to the exercise ([@j_jomb-2018-0029_ref_031], [@j_jomb-2018-0029_ref_032]) playing crucial role in muscle tissue regeneration ([@j_jomb-2018-0029_ref_033]). Many authors reported this phenomenon after intense and prolonged exercise ([@j_jomb-2018-0029_ref_033], [@j_jomb-2018-0029_ref_034], [@j_jomb-2018-0029_ref_035], [@j_jomb-2018-0029_ref_036]). It is in line with our observations during both analysed preparatory phases. It is explained that increased IL-10 plasma concentration after the exercise is required for the reduction of muscle damage as well as the tissue recovery ([@j_jomb-2018-0029_ref_030], [@j_jomb-2018-0029_ref_034]). There are data showing relationship between the decrease in TNF-α, IL-1β, IL-6 and IL-8 serum levels and IL-10 concentration ([@j_jomb-2018-0029_ref_037], [@j_jomb-2018-0029_ref_038]).

The post-exercise increase in IL-10 plasma concentration could also explain a significant decrease in IL-8 level during recovery time observed in our experiments. Knowing that IL-8 and IL-6 are cytokines responsible for stimulation of haematopoiesis, the increased post-exercise IL-8 concertation and rising IL-6 concentration during the recovery time may be functional explanation of releasing CD4^+^ naïve T cells into circulation. On the other hand, ca. 2-fold higher IL-6 level observed during recovery time seems to confirm the hypothesis that IL-6 released from contracting muscle during the exercise acts in a hormone-like manner and mobilizes extracellular substrates and/or augments substrate delivery ([@j_jomb-2018-0029_ref_032]). It seems that pro-inflammatory effect of IL-6 is related more with the anabolic effect of maximal effort than with inflammation. This speculation is confirmed by post-exercise and recovery IL-12p70 plasma concentrations, which were lower than their baseline (pre-exercise) values. This was observed in both (spring and autumn) experiments.

Our data showed that there is a biological balance between pro- and anti-inflammatory effects of acute effort in highly qualified soccer players regardless the time of preparatory phase (spring or autumn) to competition round. The observed cytokine levels might help to explain the changes in CD45^+^ cells' distribution after the maximal effort (until exhaustion), inducing alterations in CD4^+^ T cells' distribution, especially the increase in CD4^+^ T naïve cells release. However, the correlation analysis results differ between spring and autumn experiment. There fore, further, broader research is needed to understand the athletes organisms' response to the maximal effort. It also seems that post-exercise increase in circulating NK cells is related with fast biological response to maximal effort. However, at the same time there is an alternative mechanism involved and its role is to enhance the inflammation. Apparently, the second mechanism is related to the transduction of cell signalling by CD4^+^ cells and more extended research in this field is needed to fully understand this phenomenon.

Regarding the limitation of the study, we did not determine past cytomegalovirus, Epstein-Barr virus or herpes simplex virus-1 infections. However, we would like to emphasise that we did compare the same athletes in two experiment time-points, namely spring and autumn. We can assume that even if any of above mentioned viral infections interfered the results, it took place in both experiments. For the same reason we did not compared these results to control group. The diet was not monitored. However, the club routine includes meals (breakfast and dinners), so all the participants eat the same products. We also did not control sleep time. The soccer players were asked to behave »typically« before and during the experiments. Our study took place during regular season routine of the soccer club and therefore we could not alter this routine form one hand and did not want to, since we would like to analyse athletes during their typical training macrocycle from the other.

Perspectives {#j_jomb-2018-0029_s_004_s_001}
------------

The proposal of the study has been widely discussed with the trainers working in the club. They were interested in broadening the knowledge about cellular response to exhaustive effort. They agreed that these types of studies may help verify »The Open Window Theory« and avoid of upper respiratory tract infections excluding soccer players from the games and weakening the whole team. They also confirmed that the players more often get infectious during the spring than autumn competition round. We believe that our research could broaden the knowledge about organisms' response to exhaustive effort. But, more importantly, it could help to individualize and adapt the training process to achieve even better results, which is the main aim of combining sport and science.
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AT

:   anaerobic threshold

BMI

:   body mass index

BMR

:   basal metabolic rate

CK

:   creatinine kinase

DOMS

:   delayed onset muscle soreness

FAT

:   percentage of fat

FFM

:   fat free mass

HRmax

:   maximum heart rate

MET

:   metabolic equivalent

MVV

:   maximal voluntary ventilation

RC

:   respiratory compensation

Rf

:   respiratory frequency

RQ

:   respiratory quotient

TBW

:   total body water

V~E~

:   maximum ventilation

VO~2max~

:   maximum oxygen uptake
